Borrelia burgdorferi is a causative agent of Lyme disease and establishes long-term infection in mammalian hosts. Persistence is promoted by the VlsE antigenic variation system, which generates combinatorial diversity of VlsE through unidirectional, segmental gene conversion from an array of silent cassettes. Here we explore the variants generated by the vls system of strain JD1, which has divergent sequence and structural elements from the type strain B31, the only B. burgdorferi strain in which recombinational switching at vlsE has been studied in detail. We first completed the sequencing of the vls region in JD1, uncovering a previously unreported 114 bp inverted repeat sequence upstream of vlsE. A five-week infection of WT and SCID mice was used for PacBio long read sequencing along with our recently developed VAST pipeline to analyze recombinational switching at vlsE from 40,000 sequences comprising 226,000 inferred recombination events. We show that antigenic variation in B31 and JD1 is highly similar, despite the lack of 17 bp direct repeats in JD1, a somewhat different arrangement of the silent cassettes, divergent inverted repeat sequences and general divergence in the vls sequences. We also present data that strongly suggest that dimerization is required for in vivo functionality of VlsE.
Introduction
Lyme borreliosis is a systemic and long-term infection caused by Borrelia burgdorferi and other Borrelia species (Steere et al., 2016) . These spirochetes are usually maintained in a natural reservoir of small mammals but can infect humans through transmission by Ixodes ticks. At the site of a tick bite, B. burgdorferi often replicates locally in the skin to produce a lesion called erythema migrans. After several days without treatment, the spirochetes will transmigrate into the vasculature, and establish disseminated infection in any number of possible sites, leading to borreliosis of the nervous system, joints, heart and skin for periods of up to several years following the initial infection.
This spectacular persistence is in large part due to the spirochete's efficient antigenic variation system. Antigenic variation is a strategy used by pathogens to evade acquired immune responses in the host. Mechanisms of antigenic variation vary widely, but each of them results in expression of different variants of an antigen on the surface of the cell that improves the fitness of the pathogen in the face of antibodies and adaptive T-cell responses (Foley, 2015) . In B. burgdorferi, this is mediated through the VlsE lipoprotein (Zhang et al., 1997) . In the type strain, B. burgdorferi B31, the vlsE gene is encoded on the 28-kb linear plasmid called lp28-1, less than 100 bp from the right telomere. Upstream and in the opposite orientation lies a contiguous array of 15 unexpressed cassette sequences that are homologous to the middle of the vlsE expression locus (Zhang et al., 1997) . Short segmental gene conversion events from the silent cassettes into the vlsE variable region result in sequence changes that have been detected as early as 4 days post-infection (Zhang et al., 1997; Zhang and Norris, 1998a; 1998b; Coutte et al., 2009) . Sequence changes result in the modification of surface-exposed loop regions while conserving structurally important regions (Eicken et al., 2002; Verhey et al., 2018a) . Deletion of the entire vls locus or the lp28-1 plasmid results in an infection that is cleared at 2 weeks in wild-type mice (Purser and Norris, 2000; Bankhead and Chaconas, 2007) . However, persistence is rescued in SCID mice, which lack adaptive T-cell and B-cell responses (Labandeira-Rey et al., 2003; Purser et al., 2003; Bankhead and Chaconas, 2007) . Antigenic variation with similarities to the B. burgdorferi B31 system has also been reported in B. garinii Ip90 and B. afzelii ACAI (Wang et al., 2003) and a VlsE protein has been reported in over 20 human and tick isolates (Iyer et al., 2000) ; however, a detailed analysis of recombinational switching at vlsE has only been reported in the type strain B. burgdorferi B31 (Coutte et al., 2009; Norris, 2014; Verhey et al., 2018a; 2018b) .
Despite the many insights into the strategy of immune evasion, relatively little is known about the molecular mechanism(s) involved in recombinational switching at vlsE. The nearest comparable antigenic variation system is the Neisseria gonorrhoeae pilE/pilS system which also undergoes segmental gene conversion (Obergfell and Seifert, 2015) . In common to the two systems is a requirement for the RuvA and RuvB branch migrase proteins (Dresser et al., 2009; Lin et al., 2009) . However, all of the other proteins involved in pilE antigenic variation are absent in the type strain B. burgdorferi B31 or are not required for variation at vlsE; this includes RecA, which plays a central role in bacterial homologous recombination (Liveris et al., 2008; Dresser et al., 2009) . Although RecA is not required in B31, recombination boundaries are associated with regions of higher sequence similarity, and donor sequences near both ends of each silent cassette are less frequently utilized, pointing to a requirement for sequence identity both to begin and end the strand invasion process (Verhey et al., 2018b) .
Breakthroughs in understanding VlsE antigenic variation have been hindered by several factors. Firstly, VlsE does not undergo antigenic variation in culture, and many attempts to stimulate it ex vivo have been unsuccessful, necessitating animal infections to assay antigenic switching activity (Norris, 2014) . Secondly, genetic manipulation of the vls region has not been possible, owing to extensive DNA repeats that prevent targeted PCR as well as inverted repeats, which are unstable when cloned in E. coli. Thirdly, assays to detect recombination activity at vlsE have not until recently been able to detect intermediate phenotypes such as minor defects in recombination, increases in non-templated mutation rates and modification of the natural cassette usage pattern.
Recent approaches toward understanding VlsE antigenic variation have turned toward next-generation sequencing to push the field forward. The whole genome sequencing of several B. burgdorferi strains has allowed for a comparison of conserved and dispensable features (Schutzer et al., 2011; Casjens et al., 2012) . Lyme Borrelia strains with sequenced vls regions (B. burgdorferi B31, JD1; B. garinii Far04) share similar configurations, with the expression locus near the telomere of a linear plasmid, and the cassettes in a tandem array upstream (Casjens et al., 2012; Norris, 2014) . The vls region (except the 200 bp between the silent cassettes and vlsE) also has an elevated GC-content and contains sense-strand G-runs of up to 6 bp in length that may be involved in the formation of G-quadruplexes (Walia and Chaconas, 2013) . However, some differences between these strains also emerged. The 17 bp direct repeats found in strain B31 are absent in JD1, and the cassettes were less strictly ordered and more variable in length and extent, making the concept of a 'variable region' more fluid. Meanwhile, all detailed studies of VlsE antigenic variation have focused on B31, and the impact of these structural differences on the functions of antigenic variation has not been assessed. It is thus difficult to conclude much from the vls systems found in other strains since vls recombination has never been studied in any detail.
Recently, we have applied third-generation (PacBio) sequencing to obtain 16,230 single-stranded, full-length sequence reads of the vlsE variable region with an error rate of 0.00012 errors per base (Verhey et al., 2018a) . At this level, 90% of the B31 vlsE sequences are 100% error free, allowing unprecedented detail of the recombination products. Using unbiased alignments and an inference algorithm to identify recombination events, we quantified their length, the rate of recombination and the rate of mutations believed to arise from error-prone repair processes. In addition, the range of recombination donor sequences and their properties, and the effect of immune selection at vlsE in B. burgdorferi B31 were also analyzed (Verhey et al., 2018b) . We have also applied this sequencing and analysis technology to detect low levels of switching behavior from genetically manipulated vls systems that would have appeared to be inactive using other assays (Castellanos et al., 2018) .
In the current study, we apply PacBio single-stranded long-read sequencing and our analysis pipeline, the Variable Antigen Sequence Tracer (VAST), to quantify the properties of recombinational switching events at the vlsE locus in B. burgdorferi JD1. We show that despite the difference of genetic background, the less 'structured' vls region and the lack of DRs in JD1, recombination activity is comparable to B31. This work is the first detailed exploration of VlsE antigenic variation outside the B31 type strain of B. burgdorferi.
Results and discussion

B. burgdorferi JD1
We obtained B. burgdorferi JD1 (Piesman et al., 1987) clone SK143 passage 2 from Tom Schwan (NIH Rocky Mountain Laboratories). We infected one C3H/HeN mouse with 10 4 B. burgdorferi JD1 and isolated infectious spirochetes from tail vein blood at 1 week postinfection. Three individual clones (GCB2485, GCB2486 and GCB2487) were isolated from blood by dilution plating to recover infectious homogeneous clones. Sanger sequencing revealed that all three strains had identical vlsE sequences. We used multiplex PCR to assay plasmid content (Bunikis et al., 2011) , and found that all three strains had the full plasmid content required for infectivity and antigenic switching at vlsE, lacking only lp5. Despite our dilution plating strategy, we discovered upon PacBio sequencing that the recovered control clones were not homogenous in the PacBio sequencing data. We further sequenced the same clones again as well as four more clones from the same blood isolate (GCB2654, GCB2655, GCB2656, GCB2657) to understand whether this background was consistently present. 9.2% of 3,105 week 0 control sequences had one or more switches (we define a switch as an inferred recombination tract containing one or more SNPs), which was a significantly elevated level of background switching compared to the B31 strain (Verhey et al., 2018b) . Of those reads with switched sequences, 90.2% had only 1 switch event. Our analysis showed that very few of these switch events were shared with other clones. The fact that seven different clones possessed a mixture of switched and unswitched variants suggested that this background variation was due to low-level switching in culture after recovery from the mouse, rather than due to clumping of a mixed population of spirochetes in the inoculum from blood. The sequence differences could not have resulted from PacBio error hotspots because the variability occurred throughout all regions where templated changes are found, rather than in specific regions. Furthermore, 90.8% of all the SNPs we observed in the control clones were templated, indicating that sequencing errors were an unlikely contributor to background signal. It is likely that this switching occurred after removal from the mouse and that it continued for a limited time after isolation from mouse blood, since at 10 passages in culture the background remained the same. Each of the 7 clones at week 0 had a range of 0.041 to 0.167 switches (recombination tracts) per read, with a total of 368 switches in 3,105 reads; this background level was not problematic for the data analysis described below. Switching of B. burgdorferi B31 does not occur in culture (Norris, 2014) ; however, switching in culture directly after recovery of B31 spirochetes from a mouse has not been investigated and may be similar to what we observed for JD1.
Sequence and structure of the vls locus in B. burgdorferi JD1
The whole genome sequence of B. burgdorferi JD1 includes a 24 kb plasmid assembly corresponding to B31 lp28-1 (Genbank Accession: NC_017404.1). This plasmid assembly contains a partial vlsE gene as well as a region containing contiguous cassettes, all in the same arrangement as the B31 sequence (Casjens et al., 2012) . We completed the sequence of the JD1 vlsE gene and intergenic region as described below. The resulting sequence confirmed that the vls locus of JD1 is superficially like that of B31, with a single expression locus near the telomere, an array of 14 silent cassettes upstream of vlsE and in the opposite orientation and a previously unreported large perfect inverted repeat of 114 bp (See Fig. 1A) . Despite these similarities, the JD1 vls region differs from B31 in several important ways. This is evident in the organization of the silent cassette sequences. In B31, each of the silent cassettes is separated by a mostly conserved, 17 bp direct repeat (DR) sequence (Zhang et al., 1997) , which is absent on the edges of the cassette array such that cassettes 2 and 16 have only one 17 bp DR. The 17 bp DRs also flank the variable region in the vlsE gene. The 17 bp DR contains a run of 5 guanosine nucleotides that may form intramolecular or intermolecular recombinogenic G-quadruplex structures with other G-runs in vls (Walia and Chaconas, 2013) . Furthermore, the cassettes with DRs on both sides align to the entire DR-flanked variable region of vlsE. The only exceptions to this rule are cassettes 2 and 16, which lack 17 bp DRs on the outside edges, and which are truncated on the 5′ and 3′ ends respectively. Cassettes 8 and 10 are also shorter on the 5′ end, but these still have 17 bp DRs, which align with an internal DR-like sequence 64 bp downstream.
In contrast, the JD1 vls system is less ordered: no direct repeat sequences delimit the cassettes or the variable region, and the cassettes do not align to a common interval of the vlsE sequence. Instead, cassette sequences overlap with one another but vary in their 5′ and 3′ end positions. To delineate the silent cassettes with more accuracy, we used a dot plot (Fig. S1 ) to identify all the regions in JD1 lp28-1 that share significant sequence identity with the full-length vlsE gene. These boundaries were further expanded where there was evidence from the PacBio sequence data that SNPs outside the boundaries were being recombined into vlsE (see section 'Experimental procedures'). The final cassette boundaries, with the cassettes juxtaposed head to tail, but in the opposite orientation of vlsE are shown in Fig. S2 .
The previously reported JD1 sequence (Casjens et al., 2012) did not contain a long inverted repeat between vlsE and the silent cassettes as noted for B31 (Hudson et al., 2001) . We attempted to use primer walking to sequence the gap regions from genomic JD1 DNA directly, but we were unable to obtain readable sequence. Instead, we used PCR to amplify the missing regions and modified cycle sequencing methods to sequence the intergenic region, which was found to contain a perfect 114 bp inverted repeat (see section 'Experimental procedures'). We obtained sequence by cloning a PCR product of the region between cassette 2 and vlsE into a plasmid that was propagated in an E. coli sbc mutant as previously reported for B. burgdorferi replicated telomeres (Chaconas et al., 2001) , followed by DNA sequencing protocols designed to read through secondary structures. This is the first such inverted repeat structure to be sequenced in a vls locus after the B31 inverted repeat, which also required high-temperature cycle sequencing (Hudson et al., 2001 ).
The resulting inverted repeat sequence for JD1 is shown in Fig. 1B alongside the sequence from B31. The two inverted repeats share 55.6% sequence identity, but this is only 11.5% higher than the background 44.1% sequence identity observed as the average of 1,000 trials when we scrambled both inverted repeat sequences. Despite this divergence in sequence, the length is similar (114 bp for JD1, 100 bp for B31) and the repeats in each strain have 100% sequence complementarity, implying the conservation of the structure if not the sequence. Although it is unknown whether the inverted repeats form hairpin structures in B. burgdorferi, they can certainly form in vitro. Cruciform extrusion in the circular plasmids used for sequencing resulted in a pattern of topoisomers with apparent reduced superhelical density on agarose gels (data not shown) as expected from the DNA unwinding required for extrusion of the two hairpins. Moreover, PCR and sequencing of the region usually resulted in the deletion of the inverted repeat, also suggesting cruciform extrusion. This supports the idea that hairpin structures could form on the linear plasmid under conditions of negative supercoiling, such as during the existence of circular replication intermediates and during replication or transcription of vlsE.
Both the B31 and JD1 inverted repeats overlap with the −35 RNA polymerase binding region, and in JD1 the −10 region also overlaps with the inverted repeat. This conserved overlap points to the possibility that a hairpin structure may be involved in regulating transcription at vlsE. It seems unlikely that the inverted repeat serves as a recognition site for a sequence-specific binding protein because of the sequence divergence between the inverted repeats in B31 and JD1. In contrast, our recent finding that the B31 inverted repeat is essential for antigenic switching at vlsE on a circular minivls plasmid (Castellanos et al., 2018) suggests that the inverted repeat may play a role in the recombinational switching process.
In vivo antigenic variation and the effect of immune selection
To assess the in vivo function of the JD1 vls system, we infected both SCID mice, which lack an acquired immune response, and WT mice with B. burgdorferi JD1. The use of SCID mice enables the assessment of recombinational switching in the animal environment without the confounding influence of spirochete clearance mediated by the acquired immune system. We used three JD1 clones with identical vlsE sequences to infect three replicate mice each, for a total of nine SCID mice and nine WT mice. For each mouse, we cultured spirochetes from blood at 1 week after infection, ear from 1 to 5 weeks post-infection, and bladder, heart and joint at 5 weeks post-infection. PCR products of the vlsE variable region along with barcode sequences were amplified from each sample, and pooled for PacBio single-stranded consensus sequencing, as we have previously done with the B31 strain; see Fig. 1 of Verhey et al. (2018a) for a schematic of the experimental design. We then aligned the silent cassette sequences and the vlsE sequence data to the starting vlsE sequence using the VAST software we recently developed (Verhey et al., 2018b) . We identified a total of 225,981 recombination events from 40,474 sequences. The SCID group consisted of 13,576 sequences, the WT group consisted of 22,631 sequences and negative control samples accounted for the remaining 4,267 sequences (see Table S1 for the detailed breakdown of each sample).
We observed the accumulation of sequence changes over the 5-week time course in the variable region, but not in the constant region nor in the control, where the spirochetes were propagated in culture medium for 10 passages ( Fig. 2A and B) . In SCID mice ( Fig. 2A) , we observed a slower accumulation of sequence changes than in WT mice (Fig. 2B) , where the acquired immune response selects for greater variation. We also observed a corresponding loss of the parental vlsE sequence. In SCID mice but not in culture, the parental sequence gradually diminished over 5 weeks (Fig. 2C) . However, in WT mice, we were unable to culture spirochetes at week 1; at week 2, the parental sequence was less than 1% of the total and was completely gone by week 3. In our prior study, examining the B31 strain (Verhey et al., 2018a) , we found that in WT mice, parental sequences were cleared no earlier than 3 weeks. However, clearance of spirochetes encoding the parental vlsE sequence was more dramatic with JD1 suggesting that the JD1 strain may be more susceptible than B31 to both innate and acquired immune responses. This is further corroborated by the fact that spirochetes could not be cultured at week one from nine independent mice, which is consistent with lower survival of the JD1 strain during the first week of infection.
To further analyze the diversity generated by switching at vlsE in JD1, we generated a structural homology model of JD1 VlsE based upon the crystal structure of B31 VlsE (PDB: 1L8W) (Eicken et al., 2002) and used translated protein sequences of the entire JD1 data set, aligned to the JD1 parental VlsE protein sequence. Variation rates per amino acid residue are shown on the structure in Fig. 2D (See Video S1 for rotating view). Significantly, templated amino acid changes from the silent cassettes were found exclusively on the exterior-facing surface of VlsE, indicating that the templated recombination we observed in JD1 corresponded to antigen diversification on the relevant surface as previously noted for B31 VlsE (Eicken et al., 2002; Verhey et al., 2018a) .
We also examined the position of SNPs and the frequency of variation at each nucleotide position compared to their expected frequencies for purely stochastic recombination events (Fig. 3A) . Although some positions were somewhat underrepresented, there was no evidence for a positional bias favoring the 5′ or 3′ end of the vlsE variable region. Instead, some SNPs were underused because they are a part of large deletions (e.g. from 700 to 750 bp) which are either unfavorable for recombination or were missed due to size-selective library processing.
To better understand the factors influencing the SNPs that we observed, we compared the frequency of variation at each amino acid residue between SCID and WT mice (Fig. 3B) . We focused on residues having the highest and lowest ratios after filtering for residues that had at least 10 reads of evidence for amino acid changes. We expected that residues that underwent diversifying selection in mice with a functional acquired immune system would have the highest WT-to-SCID variation frequency ratios and were therefore much more variable in the WT background. In contrast, those that underwent purifying selection would have the lowest WT-to-SCID ratios and were much more invariable in the WT background. We focused on residues that were greater than one standard deviation from the mean (green for those with the highest WT/SCID ratios, and red for those with the lowest), and mapped them to a homology model of the JD1 VlsE protein structure (Fig. 3C , see Video S2 for rotation). Correspondingly, those undergoing diversifying selection were frequently surface localized where changes would be expected to aid in escape from immune surveillance (Eicken et al., 2002; Zhou and Brisson, 2017) . In contrast, the residues undergoing purifying selection localized to internal residues or a possible dimer interface as expected for conserved residues crucial for protein structure. This suggests exceptions to the proposal that vlsE antigenic variation occurs at solvent-accessible, hydrophilic residues and that these are favorable for immune evasion (Zhou and Brisson, 2014) . In our recent work (Verhey et al., 2018a) , we used this type of analysis to identify a single residue in B31 VlsE where variation was suppressed only in the WT background. This residue mapped to the dimer interface, suggesting that dimerization of VlsE is required for functionality. Here, we report five residues from the JD1 sequence that appeared to undergo purifying selection and localize near the dimer interface in a bundle of four alpha helices. This is consistent with our previous evidence for dimerization of VlsE, and suggests that four alanine residues (A227 [Z-score = − in mediating the dimerization of VlsE by interacting directly with the opposite protomer, or indirectly by stabilizing the four-helix bundle formed by both protomers. Mutation of these residues might sterically disrupt the dimer interface. In either case, the data greatly strengthen our previous proposal that the functionality of VlsE requires dimerization.
Recombinational switching behavior at vlsE
Even though we observed similar patterns in the accumulation of sequence changes on the structure of the VlsE protein and over the time course in JD1 to our previously reported B31 data (Verhey et al., 2018a (Verhey et al., , 2018b , this does not necessarily mean that the structural differences of the JD1 vls locus did not result in modified recombination behavior. To assess this, we used software that we recently developed for detecting recombination events and quantifying their properties, and then compared the results with the B31 strain (Verhey et al., 2018b) .
The rate of recombination over a 5-week time course infection in SCID mice is shown with a linear regression line, compared with the B31 strain under identical conditions (Fig. 4A) . JD1 accumulated 0.70 ± 0.06 recombination events per week, which is very similar to the 0.80 ± 0.09 recombination events per week that we previously calculated for B31 (Verhey et al., 2018b) . The elevated y-intercept in the JD1 samples is due to the presence of variants at week 0 that likely resulted from residual antigenic switching in culture shortly after removal from the mouse, as discussed earlier. The usage of each silent cassette donor sequence was also characterized (green line) for the SCID data set (Fig. 4B) . As in B31, the similarity of a silent cassette to the parental sequence (purple line) did not correlate with the cassette's usage. However, we did find again that the cassettes on the edges of the array were used least. Cassette 2 usage was significantly lower (p < 0.05) than all of the other cassettes except for Cassette 4 (p = 0.059), using Tukey's HSD test on all pairwise comparisons of the cassettes. Likewise, Cassette 15 was significantly different (p < 0.05) than all of the other cassettes except 4, 10 and 14 (p = 0.99, 0.056 and 0.076 respectively). Base changes are defined as inserted, deleted and substituted bases (per base, ± SEM), and were quantified independently for the variable region and the two constant regions in the amplicon. C. The frequency (average of mice, ± SEM) of parental sequence reads as a fraction of all the reads in each time point for SCID mice. Samples that were absent in A-C are denoted by an asterisk. D. Colour map of amino acid switching frequencies from aggregate data in SCID mice, mapped to the surface of a homology model of the JD1 VlsE protein. View of the outer surface is shown on top, and the side view is shown below. The homology model was generated using SWISS MODEL (https://www.ncbi.nlm. nih.gov/pubmed/29788355) based on the structure of B31 VlsE (PDB 1L8W) (Eicken et al., 2002) and visualized using the PyMol Molecular Graphics System (Schrödinger, LLC).
We used mouse-specific data to identify the number of possible variants, and whether the same variants arose independently in different mice. We found that almost all variants that were generated were only found in a single mouse, and at a proportion even higher than in B31 (Verhey et al., 2018b) (Fig. 4C) . The fact that both strains have variants with high uniqueness is one of the features of this antigenic variation system that separates it from phase variation and other mechanisms of antigenic variation (Coutte et al., 2009; Foley, 2015) . That so few sequences arise more than once independently is evidence that given the same starting sequence, there is no specific recombination event that is more likely than others; switching events appear to occur at random.
We also measured the average recombination tract length to be 17.7 and 24.5 bp in SCID and WT mice, respectively ( Fig. 5A and B) , a very close match to 16.4 and 25.1 for B31 (Verhey et al., 2018b) . We computed a correction curve (Fig. S3 ) based on the known cassette repertoire for JD1 that accounts for the difference in observed and actual lengths arising from the inference of lengths from sparse SNPs. Using this correction curve, we estimate that the length of recombination events is 45 bp in SCID mice and 58 bp in WT mice in JD1. These values compare favorably with the median values of recombination tracts previously reported in a smaller data set for B31 (Coutte et al., 2009) . In both B31 and in JD1, longer recombination tracts are found in WT mice, likely because the presence of the acquired immune response selects for longer recombination tracts which are more likely to cause greater sequence change promoting greater escape from immune surveillance.
In B. burgdorferi B31, vls recombination does not require RecA or many DNA recombination/repair factors that are implicated in other antigenic variation systems, with the exception of the RuvAB branch migrase (Liveris et al., 2008; Dresser et al., 2009; Lin et al., 2009) . Nonetheless, we have previously suggested that local A. The frequency of base changes by vlsE position, shown for the entire length of the amplicon. The top (dark blue) shows actual frequencies from SCID mice in aggregate, and the bottom (cyan) shows the theoretical frequencies based on the silent cassettes. B. Comparison of residues undergoing purifying (red) and diversifying (green) selection. Amino acid residues were filtered for those that have at least 10 reads supporting amino acid changes at that residue. After normalizing the SCID and WT amino acid frequencies to account for the diluting effect of parental sequences in the SCID mice, the WT-to-SCID ratio of amino acid changes is shown by the number of standard deviations from the mean (Z-score). Those that are greater than one standard deviation from the mean are highlighted in green for those undergoing the greatest changes in WT mice relative to SCID mice and red for those undergoing the greatest changes in SCID mice relative to WT mice. C. Residues greater than one standard deviation from the mean were mapped to the VlsE homology model for B. burgdorferi JD1. Green indicates residues where variability is more frequent in immunocompetent mice (diversifying selection); red indicates residues where variability is suppressed in immunocompetent mice (purifying selection). The circle and highlighted residues are five residues with purifying selection that are located at the predicted dimer interface. sequence similarity is important for recombination at vlsE (Verhey et al., 2018b) . To explore the role of sequence similarity in recombination in the JD1 strain, we assessed the association of recombination boundaries with local sequence identity. Recombination boundaries were much more commonly found in regions where the sequence identity in that region was high (Fig. 5C ). Consistent with this hypothesis, SNPs near the ends of the donor cassettes were less observed than those in the middle of the donor cassettes (Fig. 5D ), likely because they lack regions of homology on both sides of the SNP. We thus conclude that sequence similarity can be found throughout the vls cassette repertoire, and that even though the 17 bp direct repeats of the B31 strain may support recombination (Verhey et al., 2018b) , they are by no means the only region that does so. We also confirmed that multimeric G runs are not associated with recombination boundaries in JD1 (Fig. S4) , leaving their conserved elevated presence in vls coding regions (Walia and Chaconas, 2013) a mystery.
We previously showed that in B31, recombination events are not distributed among the vlsE sequences in the expected random, Poisson distribution (Verhey et al., 2018b) . We also showed evidence that recombination events had higher than expected physical proximity along the vlsE gene when more than one switch event has occurred (Verhey et al., 2018b) . We then proposed that this is likely due to the regulation of switching or assembly of molecular structures in the spirochetes that divide the population into non-recombinogenic and recombinogenic states. To determine whether these features were also characteristic of JD1, we performed the same analyses as we did previously with B31 (Verhey et al., 2018b) . We first looked at the frequency distribution of switches at 1 week post-infection in SCID mice. At 1 week, enough recombination has transpired that there are sufficient data to consider (1,568 reads with a total of 1,965 recombination events); at the same time, there is a substantial percentage of spirochetes with zero switches, an important requirement for the analysis we used.
As we previously noted for B31 (Verhey et al., 2018b) , we found that the Poisson distribution did not account for the observed excess of reads with either zero switches, or greater than three (Fig. 6A) . However, the zero-inflated Poisson distribution (ZIP, [Lambert, 1992] ) provided a better fit to the data (Fig. 6B) as noted previously for B31 using the same regression algorithm (Verhey et al., 2018b) . The estimated parameters that fit the data the best indicate that 33% more of the sequences had zero recombination events compared to what would have been predicted with random, Poisson-distributed recombination. While the population had an average of 1.25 recombination events per vlsE sequence, the ZIP model shows that all of those switch events occurred in 66% of the population. In this subpopulation where switching is 'turned on', the average read had 1.87 recombination events, 50% higher than the expected frequency. A. Frequency of recombinational switch events over time, comparing JD1 (red) to the previously reported (Verhey et al., 2018b ) B31 (black) in SCID mice. B. The fraction of all switches inferred from each cassette in SCID mice (green, left axis, ±SEM for 9 biological replicates of each mouse) compared to the sequence identity of the cassette (purple, right axis). Sequence identity was calculated by the average sequence identity between the cassette and the reference, vlsE. C. The proportion of distinct variants found in only one of nine mice (mean ± SD), comparing the strain of mice infected (SCID and WT) and the strain of B. burgdorferi used for infection.
These results imply that in JD1, as we previously reported for B31 (Verhey et al., 2018b) , recombination events were more likely to be concentrated in a subset of cells; that is, a disproportionate number of spirochetes contained more than a single switch event while a disproportionate number of spirochetes had none. The ZIP distribution has been used in manufacturing and economics to understand how some seemingly random processes (e.g. manufacturing defects) accumulate nonrandomly in a sample. The explanation for this is that some processes occur where events are associated with each other causally (e.g. one manufacturing defect leads to misalignments in the machinery leading to subsequent manufacturing defects). Analogously, we propose that switch events may not be entirely independent; instead, they may be stimulating further recombination.
We also assessed whether the location of recombination events on sequence reads with two events were closer together than would be expected based upon random probability (Fig. 6C) . We found that there may be a significantly smaller average distance than a simulation of recombination events with average-length switches, depending on the method used. Using minimal or midpoint distances between inferred switches, the distance between events was significantly closer (p < 0.0001) than expected based upon a random distribution. The 'minimal' method considers the switch boundaries to be located right at the outermost SNPs that were recombined; the 'maximal' method considers the longest possible recombination event that could have generated the run of SNPs; and the 'midpoint' method assesses the boundaries of switches based on the midpoint of the minimal and maximal switch boundaries. The maximal method may be less reliable since it results in more 'overlapping' recombination events that may render it less sensitive. Although the effect we observed was not as pronounced as in B31 (Verhey et al., 2018b) , where use of the maximal switch boundaries was also statistically significant (p < 0.0001), the data using the more reliable minimal and midpoint boundaries in JD1 suggest that once a single recombination event Supplementary  Fig. S3 ) are shown in dotted blue lines. C. The effect of sequence identity on switch boundaries. Each point represents a boundary uncertainty region, defined as a specific region between templated SNPs on a specific cassette and is the smallest unit in locating the position of a switch event boundary. Each is plotted by the number of switch events beginning or ending in that boundary, against the mean of a 50-bp moving average of the sequence identity within the boundary uncertainty region. The least-squares exponential regression line is shown in red. D. The effect of distance from a cassette edge on SNP frequency. Each point represents a SNP from the silent cassette repertoire, plotted by distance from the nearest cassette edge (or average distance, for SNPs from multiple cassettes having different start/stop coordinates) for SNPs located up to 100 bp from the edges. The y axis represents the ratio of observed to theoretical SNP frequency. A moving average is shown based on 10 neighboring points in each direction.
has occurred in a given region, a second event occurs closer to the first than is expected by random probability. The reason for such clustering might be the physical proximity of the recombination machinery from the first event. Alternatively, errors or DNA breaks from the first switch event might stimulate the assembly of recombination/ repair complexes for a subsequent event. Although our analyses were necessarily performed on sequence reads with two switch events, it seems likely that whatever the mechanism, it probably applies to situations where there are multiple switch events as well.
We have now shown in two B. burgdorferi strains (Fig. 6 and [Verhey et al., 2018b] ) that switching does not occur in a completely random fashion both at the cellular and DNA levels. The presence of switching and non-switching subpopulations and the greater than predicted physical proximity of multiple switches raises the possibility that factors such as proteins and DNA mismatches or breaks may increase the likelihood of switch events in the same spirochete and on the same DNA sequence read.
Non-templated SNPs and error-prone repair
In B. burgdorferi B31, we have previously noted that the frequency of non-templated changes was more than three orders of magnitude higher than expected from the B. burgdorferi mutation rate, likely resulting from an error-prone repair mechanism that provides an additional mechanism for generating sequence diversity (Verhey et al., 2018b) . We were therefore interested in whether the JD1 vls system demonstrated the same type of error-prone repair. In JD1 we found that the number of non-templated mutations increased over time at a rate of 0.129 ± 0.025 SNPs per amplicon per week (Fig. 7A ). This rate is on the same order of magnitude as in B31, which accumulated at a rate of 0.070 ± 0.017 SNPs per amplicon per week (Verhey et al., 2018b) . We also observed that the number of non-templated SNPs on a given read were correlated with the number of recombination events with a frequency of 0.069 non-templated SNPs per recombinational switch event, or 1 non-templated SNP per 14 switch events (Fig. 7B) . The data in Fig. 7A and B indicate that as for B31, JD1 also undergoes mutation beyond templated sequence changes. We found a rate of non-templated SNP production in JD1 that is 84% higher than that present in the B31 strain background, which A. Histogram of the number of switches per read from week 1 in SCID mice (black) shown alongside a Poisson distribution expected from the same mean (red). Data were analyzed only from SCID mice. B. The same data (black) are shown alongside a zero-inflated Poisson distribution (Lambert, 1992) with maximum likelihood estimated parameters (red), where the correspondence between the observed is very close to that from the zero-inflated Poisson. C. Distance between switch events for reads with two inferred recombination events with the mean ± SEM shown. The distance between the two switches was calculated three ways: (1) using the minimal switch lengths (which have the largest distance), (2) using maximal switch lengths (the longest possible switch events, which have the shortest distance between the two) and (3) the midpoint switch lengths (the midpoint between the minimal and maximal endpoints). For each method, the switching data (black) were compared to a set of 1 million simulated 2-switch variants (blue) where the recombination events were located randomly and originated from random cassette sequences. Two-sample t-test p-values are shown above the brackets. may arise due to the slightly higher recombination rate or may be due to a more error-prone mechanism in JD1.
In B31, we previously (Verhey et al., 2018b) showed a dramatic preference for non-templated SNPs in the left boundary uncertain region of switch events (5′ side of the recombination tract on the coding strand). We noted a 64-, 12-and 22-fold preference for the left boundary uncertain region relative to the interior, right and exterior regions respectively. In contrast, in JD1, we found only a 2-, 0.8-and 4-fold (p = 0.29, 0.50, and 0.029) preference for the left boundary uncertain region relative to the interior, right and exterior regions respectively (Fig. 7C) . The reason for the absence of the dramatic left versus right preference for non-templated SNPs previously observed in B31 and not observed in JD1, as well as for an 84% higher rate of non-templated mutation in JD1 is not currently explainable.
The molecular machinery utilized for switching at vlsE in JD1 remains uninvestigated at this time; however, genome sequencing indicates the same set of DNA replication, repair and recombination proteins to be encoded by B31 and JD1 (see https://www.kegg.jp/ kegg-bin/search_pathway_text?map=bbu&keyword=D-NA&mode=1&viewImage=true and https://www.kegg.jp/ kegg-bin/search_pathway_text?map=bbj&keyword=D-NA&mode=1&viewImage=true).
There is a very high level of amino acid identity between the two strains (98.4-100%), in the replication, recombination and repair proteins using BLAST alignments (data not shown). A replicative helicase carried on lp28-2 in B31 and lp54 in JD1 (BB_G32 and BB_A34) displays a slightly lower 95.6% amino acid identity. In spite of the very high level of sequence identity, relative expression levels of these proteins have not been investigated and may vary in the two strains and contribute to the differences in non-templated mutations noted above. Alternatively, differences in the architecture of the vls locus in the two strains may contribute to the differences observed. Nevertheless, in both B31 and JD1, it is evident that non-templated mutations are colocalized with recombinational switch events and that some type of error-prone repair process generates non-templated mutations at a very high rate in association with recombinational switching. This error-prone repair presumably helps to further diversify the antigenic properties of VlsE and increases the efficiency of escape from the host immune system. Further studies will be required to unravel the mechanism of this fascinating mutagenic process. A. The frequency of SNPs not attributable to silent cassettes (mean ± SEM) is shown over time in the SCID mouse infection alongside a negative control of the same spirochetes cultured for 10 passages in BSK-II culture medium. Least-squares regression lines (red) and associated 95% confidence bands (grey) are plotted for the SCID infection and the culture control. B. For reads with 0-10 switches, the number of non-templated SNPs per read (mean ± SEM) is shown. The least-squares regression line is shown in red with its 95% confidence band shown in grey. C. We examined 1,517 reads where there was a single switch event and no ambiguity in the position of the switch event. Non-templated SNPs in each read were located in the interior, exterior or in the left (5′ side on the coding strand) or right (3′ side) boundary uncertainty regions (BURs). BURs are the regions between SNPs where there is perfect sequence identity between the silent cassettes and the vlsE expression locus. The frequency of non-templated SNPs (mean ± SEM) is shown for each region. Pairwise comparisons with p < 0.05 are shown with asterisks.
Experimental procedures
Ethics statement
All animal experimentation was carried out in accordance with the principles outlined in the most recent policies and Guide to the Care and Use of Experimental Animals by the Canadian Council on Animal Care. The animal protocol (AC12-0068) was approved by The Animal Care Committee of the University of Calgary.
Sequencing gaps in the vls region
To sequence the 3′ end of the vlsE gene toward the lp28-1 hairpin telomere, we amplified the entire vlsE gene for Sanger sequencing. We used a forward primer (B2607) upstream of the vlsE gene, based on the known sequence (Schutzer et al., 2011) . We designed a primer (B2620) that was downstream of vlsE based on the whole genome sequence data of the strain with a closely related lp28-1 plasmid in B. burgdorferi strain 297 (Schutzer et al., 2011; Casjens et al., 2012) . This primer combination yielded an amplicon of 1.3 kb which we used as template for sequencing. Using primers B2607, B2638 and B2640, we were able to obtain the rest of the sequence of vlsE. Primer sequences are given in Table S2 .
To sequence the large inverted repeat, we amplified a 590 bp region between silent cassette 2 and vlsE using primers B2665 and B2666 using Phusion HF Polymerase (NEB), GC Buffer (NEB) and 3% DMSO using the following thermocycler protocol: 98°C for 30 s; 30 cycles of 98°C for 15 s, 60°C for 1 min, 72°C for 30 s; and 7 min at 72°C. The PCR product was cloned by restriction digestion and ligation at the XhoI and BamHI sites of pOK12 (Vieira and Messing, 1991) . The ligation products were transformed into E.coli GC1091 (DB1256), a strain that is tolerant of DNA inverted repeat sequences (DeLange et al., 1986 ) that we have previously used to clone B. burgdorferi replicated telomeres (Chaconas et al., 2001) . Fifty transformants were screened by agarose gel electrophoresis for plasmid topoisomers with lower superhelical density than the fully supercoiled form. Such topoisomers result from the cruciform extrusion of the inverted repeat region accompanied by a decrease in helical twist. Forty-nine transformants showed no evidence of topoisomers and had an insert size of about 476 bp, which would occur if the PCR polymerase omitted the hairpin DNA structure. One transformant had both a longer 590 bp product consistent with presence of the inverted repeat as well as a ladder of bands in supercoiled DNA, consistent with topoisomerization that occurs with cruciform extrusion. The supercoiled plasmid prep DNA of the positive transformant was run alongside supercoiled plasmid prep DNA of a negative transformant, and one of the topoisomer bands present only in the positive clone was purified from the gel using the QIAGEN Gel Extraction Kit. The sequence was obtained in parts using the Applied Biosystems 3730 × l 96 capillary DNA Analyzer, 0.5X concentration of the dGTP BigDye Terminators Version 3.0 sequencing kit, No DMSO, 1 µl of ThermoFidelase I (Fidelity Systems), and a custom cycle sequencing protocol: 96°C for 5 min; and 80 cycles of 96°C for 40 s, 56°C for 30 s and 68°C for 4 min. Sequencing using the B2665 and B2666 primers yielded complementary but overlapping parts of the hairpin sequence.
The sequence of the entire large inverted repeat was subsequently confirmed using the Affymetrix USB® Thermo Sequenase™ Cycle Sequencing Kit. Template for the sequencing reaction was generated by PCR of the 590 bp product from the pOK12 hairpin-positive genomic DNA using primers B2665 and B2666. The 590 bp band was purified from the gel and 40 ng of template was used per 17.5 µl reaction. Reactions were labelled with [α-
35 S]dATP, and subsequently run on denaturing polyacrylamide gels (6 M Urea, 6% polyacrylamide [19:1 acrylamide:bisacrylamide] in TBE). Gels were exposed to a storage phosphor screen which was imaged on a Packard Cyclone phosphoimager (Perkin Elmer).
Mouse infections and isolation of B. burgdorferi genomic DNA
Mice were purchased from Charles River Laboratories. In earlier studies on vlsE (Bankhead and Chaconas, 2007; Liveris et al., 2008; Dresser et al., 2009; Lin et al., 2009) , we used paired C3H/HeN and C3H/HeN SCID mice. However, midway through executing this study, after infections were completed on the C3H/HeN wild-type mice, we learned that C3H/HeN SCID mice were no longer commercially available. We therefore used CB17 SCID mice, which have been previously shown by the Norris lab to give comparable results in vlsE switching to C3H/HeN SCID mice (Coutte et al., 2009) . We also used this pairing in our recent studies on vlsE switching in B. burgdorferi B31 (Verhey et al., 2018a; 2018b) . The difference in mouse strains in this study (wildtype C3H/HeN versus CB17 SCID), although not ideal, was not expected to contribute any detectable deviations to our results and conclusions.
Three clones (GCB2485, GCB2486 and GCB2487) were used to infect three C3H/HeN mice and three C.B-17 SCID mice (Charles River), for a total of 18 mice. Mice were infected by subcutaneous needle inoculation into the back at 33-39 days of age with 10 5 spirochetes in BSK-II culture medium in the exponential growth phase. After 1 week, 50 µl of blood was obtained from the tail vein, and ear punch samples were taken at 2, 3 and 4 weeks post-infection. At 5 weeks post-infection, the mice were sacrificed and the bladder, ear, heart and knee joint were harvested. The culture controls consisted of the three starting clones pooled at equal culture densities, and propagated by passaging 1 in 100 by volume every 2 days for 20 days. All samples were cultured in BSK-II culture medium supplemented with 6% rabbit serum and antibiotics (0.02 mg ml −1 phosphomycin, 0.05 mg ml −1 rifampicin and 2.5 µg ml −1 amphotericin B) to which Borrelia spirochetes are naturally resistant. Genomic DNA was extracted from 5 ml cultures by phenol-chloroform extraction and concentrated by isopropanol precipitation.
PCR amplification and PacBio sequencing
PCR primers were designed for optimal amplification of the vlsE variable region and amplified the 340-1052 bp region of the updated JD1 gene sequence (Table S2 ). The barcodes we used were designed by Pacific Biosciences (https://github.com/PacificBiosciences/BioinformaticsTraining/wiki/Barcoding-with-SMRT-Analysis-2.3) and we selected barcodes such that they had an edit distance of at least 6 bp between all possible pairs. Therefore, even with two sequence errors, the correct barcode can still be unambiguously identified. We used a paired barcode scheme, where the combination of the forward and the reverse primer uniquely identified each sample. Samples from wild-type mice and most of the controls were sequenced together, as were samples from SCID mice (Table S1 ). All vlsE amplicons were amplified by PCR with Phusion HF polymerase (NEB) from 400 ng of genomic DNA with a 95°C initial denaturation for 30 s followed by 30 cycles of 95°C denaturation for 30 s, 60°C annealing for 1 min and 68°C extension for 1 min. PCR was ended after a final extension of 5 min at 68°C. PCR products were quantified by agarose gel densitometry with standard curves, mixed together, purified and concentrated with a PCR purification kit, run on a gel in small batches and gel-purified without staining. The final mixture was quantified by gel densitometry. Amplicon mixtures were sequenced using a Pacific Biosciences RSII instrument and P6C4 chemistry by the McGill University and Génome Québec Innovation Centre (Montreal, QC) separately for the wild-type and SCID groups, using two SMRT cells for the WT group and 3 SMRT cells for the SCID group.
Analysis of PacBio sequence data
Movie files obtained after sequencing were mapped to the reference and demultiplexed using the RS_Resequencing_ Barcode.1 Protocol in SMRT Analysis 2.3.0 (Pacific Biosciences). Aligned reads were then filtered using the pbbarcode tool with minScoreRatio = 1.1 to exclude reads with ambiguous barcode assignments. The sequences were then processed using PBSSC (https://github.com/verheytb/pbssc). Using PBSSC, we excluded reads with any bases below 90% consensus basecall confidence, trimmed sequences to defined sequences contained in the PCR amplicon primers, demultiplexed and exported as FASTA sequences.
To identify the boundaries of the silent cassettes, we generated a dot plot of the complete JD1 vlsE gene against the JD1 lp28-1 sequence (Accession: NC017404.1) using Geneious 4.8.5 (www.geneious.com) with a word size of 6 bp. Data were then imported into VAST (https://github. com/verheytb/vast) for analysis of antigenic variation. The reference sequence consisted of the amplicon sequence (as found in NC017404.1) trimmed to the same limits as the PacBio reads. Silent cassettes were aligned to the reference sequence using the 'align_cassettes' function, and the multiple alignment of cassettes was visualized after exporting from VAST with the Integrated Genomics Viewer (IGV) (Thorvaldsdóttir et al., 2013) . Single-stranded reads were imported into VAST and then mapped to the reference using the 'map' command. We then exported all reads containing non-templated indels and visualized the output in IGV alongside the multiple alignment of cassettes. We searched for non-templated mutations that could have been generated by recombination from SNPs further outside our defined cassette boundaries and adjusted the cassette boundaries accordingly to incorporate the extended sequence when justified. After adjustments were made, the reference, cassettes and PacBio sequence data were again imported, and aligned.
Summary data were exported using VAST's report functions and statistical analysis was executed using GraphPad Prism 6 (www.graphpad.com).
Accession numbers
The sequence of the JD1 vls region from silent cassette 2 through vlsE toward the right telomere of lp28-1 is available on GenBank with accession number MH509399, modified from that region in the existing NC017404.1 sequence. Pacific Biosciences SMRTcell sequencing data are available in the NCBI Sequence Read Archive with accession number SRP155832.
